Expressions for the P,T-violating NN potentials are derived for π, ρ and ω exchange. The nuclear matrix elements for ρ and ω exchange are shown to be greatly suppressed, so that, under the assumption of comparable coupling constants, π exchange would dominate by two orders of magnitude.
I. INTRODUCTION
Simultaneous violation of parity conservation and time reversal invariance (P, T-violation) in the low-energy nucleon-nucleon interaction can be described, in analogy with the description of P-violation, in terms of nonrelativistic potentials derived from single-meson exchange diagrams involving the lightest pseudoscalar and vector mesons [1] . We consider here π, ρ and ω mesons. The strength of the P,T-violation in the N-N interaction is then parameterised in terms of the coupling constants, g (I)′ M N N , characterising the N → NM matrix elements of the various isospin (I) components. We consider the forms for the Lagrangian describing the N → NM vertex and find in a calculation in nuclei described by a closed-shell-plus-one configuration that the contribution to P,T-violation from all isospin components of ρ-exchange are identically zero for charge-symmetric (N = Z) closed-shell cores. A similar result has been found [1, 2] to hold true for the I = 0, I = 2 components of π-exchange. In heavy nuclei with closed-shell cores that are not charge symmetric, assuming equal couplings g (I)′ M N N , these terms together with the ω-exchange terms remain small compared to the dominant term coming from the I = 1 component of π-exchange.
P,T-violation may be studied in neutron transmission [3] and gamma-decay [4] [5] [6] experiments on oriented nuclei. In both cases P,T-violation is accompanied by P-violation alone.
Consider a simple γ-decay example [1, 5] where the initial nuclear state is of mixed parity due to the presence of P-violation and P,T-violation in the NN-interaction, while the final state to a good approximation remains a state of definite parity. Let |a > and |b > denote the initial and final nuclear states in the absence of P-and P,T-violation. The potential, V P + V P,T , has the effect of changing |a > to a state |A > and |b > to a state |B >, which under these assumptions are given by
|B >≃ |b >,
where the state |a ′ > is of the same angular momentum as |a > but of opposite parity. The P,T-violating effect is then proportional to
where π ′ L ′ is the irregular multipole now available due to P,T-violation while πL is the regular multipole present in the |a >→ |b > +γ transition. A P-violating effect in the same transition is proportional to
It is useful to consider the ratio of these effects, which becomes proportional to the matrix elements of V P and V P,T , viz [1] A P,
Here the ellipsis indicates that effective T-violation contributions induced by T-invariant higher-order processes have been omitted. It is important that these be estimated [6] before any comparison is made between theory and experiment, but they are not relevant for the discussion presented here. Herczeg [1] argues that if a calculation of < a ′ |V P,T |a > is not available, a rough estimate of the ratio A P,T /A P combined with a measured value of the P-violating effect may give a better estimate of < a ′ |V P,T |a > than a rough estimate of < a ′ |V P,T |a > itself. To this end, Herczeg defines
Here it is assumed that P-violation occurs primarily through isoscalar (I = 0) ρ-exchange characterized by the coupling constant g (0)′ ρN N . In the work of Desplanques, Donoghue and Holstein [7] (DDH), an isovector (I = 1) π-exchange term is shown potentially to be of comparable importance in P-violation. However the limits on measurements [8] of circular polarisation of a selected γ-transition in 18 F , which is sensitive only to the isovector component of the P-violation, is found to be smaller than the DDH 'best estimate' and at present there is only an upper limit. Thus, in this analysis, we consider only isoscalar ρ-exchange contributing to P-violation.
Our goal here is to derive the potentials for the ρ-and ω-exchange P,T-violating NN potentials and to determine the strength of their nuclear matrix elements relative to those for π-exchange. We use these results to estimate a reasonable range for the value of κ (1) . One of our main interests is in studying the dependence of the P,T-violating matrix elements, and hence κ (1) , on nuclear mass. A somewhat similar undertaking has be made by Griffiths and Vogel [9] for the one-pion exchange potential. These authors follow Herczeg and express the effective one-body interaction in terms of an asymptotic potential obtained assuming m π → ∞. The true one-body P,T-violating potential is then related to the asymptotic potential through a suppression factor F, and F is shown to have a large dependence on nuclear mass.
In the present work we do not use this analytic approximation as we find the assumption of large meson mass not to be good, particularly in the case of the pion; rather we perform exact numerical evaluations of the matrix elements. We find both the P,T-or P-violating matrix elements and consequently κ (1) to be approximately mass independent. Thus, we conclude that any strong mass dependence obtained using asymptotic approximations do not apply to the true potentials. In this regard there is little advantage in choosing examples in heavy nuclei over light as candidates for experimental study. Of course, any advantage from dynamical enhancements, such as the smallness of the energy denominator in eq. (1), remains valid.
II. THE P,T-VIOLATING INTERACTION
In a meson-exchange model, the P,T-violating nucleon-nucleon interaction is given by one weak P,T-violating N → NM vertex and one strong P,T-conserving N → NM vertex with a meson exchanged between the two. For π-exchange the weak vertices are described by Lagrangians:
where g (I)′ πN N are coupling constants, N nucleon fields and φ π pion fields. The Roman superscripts are Cartesian isospin indices and a repeated index, a, is summed over, but not the index, z. The strong interaction vertex is
with g πN N the strong pion-nucleon coupling constant, and τ the Pauli isospin matrix. Combining one strong and one weak vertex Lagrangian with the pion propagator, taking a nonrelativistic limit of the vertex functions, and making a Fourier transform to coordinate space leads to the following expressions for a P,T-violating potential
where σ + = σ 1 + σ 2 , σ − = σ 1 − σ 2 and similarly for τ + and τ − , m π is the pion mass, and M the nucleon mass. Here r = r 1 − r 2 , x π = m π r and
This result has been given before [1, 2] .
Likewise for the vector mesons, the P,T-violating Lagrangians are
where ρ a µ are rho-meson fields and σ µν = (γ µ γ ν − γ ν γ µ )/2i. We are using the Pauli metric for Dirac matrices as discussed in DeWit and Smith [10] . Note that the Lorentz form of these Lagrangians is that of an axial-vector that is odd under charge conjugation. They correspond to second-class axial currents [11] in the terminology of nuclear β-decay. The strong interaction vertex
where K V is the ratio of tensor to vector coupling constants. The corresponding P,Tviolating potentials in co-ordinate space are
The overall form of these potentials is the same as for π-exchange except for one key difference in the isovector potential. There the relative sign between the two terms is minus for ρ-exchange and plus for π-exchange. Lastly, for ω-exchange we make substitutions τ a ρ a µ → ω µ for isoscalar and ρ z µ → τ z ω µ for isovector Lagrangians and obtain the following P,T-violating
Note in this case there is a relative plus sign between the two isovector terms. There is no isotensor potential for ω-exchange.
To estimate which components of the P,T-violating interaction are important, we compute matrix elements of V P,T for closed-shell-plus-one configurations. This is equivalent to determining effective one-body potentials. The computation boils down to an evaluation of two-body matrix elements between the valence nucleon and one of the nucleons in the closed-shell core summed over all the nucleons in the core. Let a and a ′ be two quantum states of the valence nucleon (of the same angular momentum, j a , but opposite parity), and c the quantum states of the occupied orbits in the core, then for charge-symmetric cores
whereĴ = (2J + 1) 1/2 and the U-coefficient is a recoupling coefficient of three angular momenta. Our notation is that of Brink and Satchler [12] with the matrix elements reduced in both spin and isospin spaces. The two-body matrix element on the right-hand side of eq. (14) is antisymmetrised; such that the sum over core states includes both the direct and exchange terms. From selection rules, the U-coefficient is zero when I = 2, thus there is no contribution to the matrix element from isotensor components of the interaction for For a charge non-symmetric core (N = Z), eq. (14) is generalised to read
where Clebsch-Gordan coefficients replace the U-coefficient. Here m a is the z-component of the valence nucleon's isospin quantum number and is −1/2 for a neutron and +1/2 for a proton. Now terms that gave zero contribution for charge-symmetric cores give a finite but generally small contribution in heavy nuclei. Some sample calculations are given in Table I for j a = 1/2, p-and s-states.
Our calculations are made with harmonic oscillator wavefunctions. However there is one drawback to this choice; the eigenfunctions of the harmonic oscillator potential are not the eigenfunctions of the nucleon-nucleon interaction. This is particularly important in the relative coordinate, r, where the nucleon-nucleon interaction is known to have a strong short-range repulsion, which makes the relative wavefunction go rapidly to zero as r → 0, more rapidly than given by uncorrelated oscillator functions. Thus to incorporate this piece of many-body physics in a simple way it is quite common to modify two-body operators by multiplying them by a short-range correlation function. Thus we writê
whereĝ(r) is some function that tends to zero as r → 0 and tends to unity for large r. obtained from the work of Miller and Spencer [14] . It is evident from Table I that the shortrange correlation function significantly reduces the contribution from heavy mesons. Thus, providing all the unknown coupling constants g (I)′ M N N are of comparable magnitude, it can be asserted that the isovector pion-exchange component will dominate P,T-violation in nuclei.
An estimate of the coupling constants has recently been provided by Gudkov, He and MacKellar [15] . These authors point out that, in general, a first principles calculation of P,T-violation would be very difficult. However, beginning with an effective low-energy P,Tviolating Lagrangian at the quark level for particular models of CP violation, they have estimated the P,T-violating coupling constants, g (I)′ M N N , of the nucleon-nucleon interaction using a factorization approximation and the vector dominance hypothesis. Their main conclusion is that for all types of models of CP violation in the one-meson-exchange approximation the contributions to the P,T-violating nucleon-nucleon interaction from pseudoscalar mesons are larger than the contributions from vector mesons by about one order of magnitude.
III. THE RATIO κ (1)
We now return to the evaluation of the ratio of P,T-violation to P-violation matrix elements of eq. (6). We assume that P-violation principally comes from the isoscalar ρ-exchange potential [7, 13] 
where we have neglected a smaller non-local term. The weak coupling constant g (0)′ ρN N is the same as h 0 ρ in the notation of DDH [7] . The ratio therefore becomes
where ω π , ω ρ are reduction factors accounting for short-range correlations.
Our exact numerical results for the ratio of the P,T-violating to P-violating matrix elements, (incorporating the reduction factors ω π and ω ρ explicitly as decribed in eq. (16) ), are summarized in Table II . There we give some sample neutron matrix elements in closed-shellplus-one configurations for j a = 1/2, p-and s-states. Significantly, the κ (1) values display very little mass dependence, and range from 2 to 5.
To understand our results summarized in Tables I and II let us consider the sim- ple case a neutron in a closed-shell-plus-one configuration for charge symmetric cores, eq. (14) . Then, for the π-exchange term, the exchange component of the two-body matrix elements is identically zero, while for the ρ-exchange term the direct component is zero. The spin and isospin sums are trivially evaluated: < σ + τ − >= < σ − τ + >= 12 and < iσ 1 × σ 2 τ 1 · τ 2 >= −18 and the angle integral <r > cancels in the ratio to give
It remains to evaluate the radial integrals, < Y 1 (x π ) >. Consider the integral evaluated between 0s and 0p oscillator functions of length parameter, b. The exact value of the integral is
where z = mb/ √ 2 and m the meson mass. Thus, in the limit of large meson mass the radial integrals, < Y 1 (x π ) > scales as 1/m 4 . The short-range correlation function cuts down matrix elements of ρ-meson range by roughly a factor of three more than those of π-meson range,
The approximate scaling of the radial integrals with 1/m 4 is largely responsible for the large difference in the magnitudes of the π-and vector meson P,T-violating matrix elements.
We note, however, that for pion range, m π = 0.7f m −1 , the inequality z >> 1 is not satisfied, not even in heavy nuclei since b only varies gently with nuclear mass as A 1/6 . This results in the scaling approximation, when taken at face value, leading to an overestimate in the ratio κ (1) by a factor of three. More detailed calculations reduce κ (1) even further, to give the values listed in the Table II .
In addition to examining [9] the effective one-body P,T-violating potential, Griffiths and Vogel [5] has also calculated κ (1) for specific rare-earth nuclei, using the quasiparticle random phase approximation. They find κ (1) values in the range 1 to 6, which is similar to the present range of 2 to 5. Since κ (1) seems to be determined to within quite a small range independent of nuclear structure considerations, then a degree of proportionality between the matrix elements of the P,T-and P-violating potentials seems to be established.
IV. P,T-VIOLATION IN NEUTRON TRANSMISSION
There is much interest in the possibility of probing P,T-violation in the transmission of polarized neutrons through polarized nuclear targets [3] . Neutron transmission measurements on unpolarized targets have proved to be powerful probes of P-violation. There the scattering cross sections of low-energy neutrons from nuclei at p-wave resonances exhibit very large parity violating longitudinal asymmetries. The P-violating asymmetries, which are defined as the fractional difference of the resonance cross section for neutrons polarized parallel and antiparallel to their momentum,
mixtures in the p 1/2 resonances, and can be as large as 10%. In the case of polarized targets
implies simultaneous P-and T-violation through
a term in the scattering amplitude proportional to < σ > ·(k× < J >). Here σ ↑ and σ ↓ are the total scattering cross-sections for neutrons polarized parallel and antiparallel to (k× < J >), and σ and k are the neutron spin and momentum and J is the target spin.
In analogy with eq. (5), the ratio of the P,T-violating to P-violating asymmetries in the neutron measurements can be related to the ratio of the matrix elements of the corresponding weak NN potentials. In a two-state mixing approximation the ratio is given by,
where ψ s and ψ p are compound nuclear s-and p-wave resonance wave functions. To first order the ratio of the weak matrix elements between compound resonances can be approximated by the ratio of single-particle matrix elements, so that [1] ,
Herczeg has reviewed the experimental searches of electric dipole moments in atoms, molecules and the neutron, and barring cancellations between the different isospin amplitudes, deduces the following upper limits for the P,T-violating πNN constants
To get a rough estimate of the accuracy needed in the neutron transmission experiments to improve on these limits we consider 139 La, where a very large P-violating asymmetry (P P ∼ 10 −1 ) has been observed. Combining Herczeg's limits with the values of κ (0) , κ (1) , and κ (2) from Tables I and II 
The enhanced sensitivity to the isovector coupling arises because the I = 1 P,T-violating interaction is probed by all A nucleons, whereas the isoscalar and isotensor interactions are only probed by the excess neutrons [1] . This situation is the reverse of that in the neutron electric dipole experiments, where sensitivity to the isovector term is suppressed. A P P,T /P P ∼ 10 −4 would then provide much tighter constraints on the isovector P,T-odd πNN coupling constant.
V. CONCLUSIONS
We have derived the PT-violating NN potentials for ρ-and ω-exchange and demonstrated quantitatively what has only been speculated qualitatively before, namely that ρ and ω exchange give a negligible contribution to time-reversal violation compared to π exchange, assuming comparable coupling constants. Under this assumption the heavy-meson matrix elements are about two orders of magnitude smaller than the I = 1 π-exchange matrix elements. This is in sharp contrast to parity violation, where heavy-meson exchange is comparable to pion exchange.
The supression of the vector-meson contributions to P,T-violation arises from a combination of factors. The first of these applies to ρ-exchange where the form of the P,T-violating potentials are the same as for π-exchange except for a crucial sign difference between the two terms contributing to the I = 1 potential. For N = Z cores these two terms are equal in magnitude. They add constructively for π-exchange but exactly cancel for ρ-exchange.
Moving to heavier nuclei, where N = Z, breaks this cancellation to a small though not significant degree. The I = 0 and I = 2 ρ-exchange potentials have identical forms to the corresponding π-exchange potentials. Thus, as in the case of the I = 0 and I = 2 pion terms, they give zero contribution to P,T-violation in N = Z systems, and contribute through the excess neutrons in heavy nuclei. We note, as can be seen from Table I , that the I = 0 and I = 1 ω-exchange terms are not zero for charge-symmetric systems, owing to the different nature of the ω-exchange potentials, eqs. (13) .
The second source of suppression applies equally to ρ-and ω-exchange and is due to the approximate scaling of the radial matrix of Y 1 (x) with 1/m 4 , so that the matrix elements of V P,T scale approximately as 1/m 2 . This reduces the ρ-and ω-exchange matrix elements by about a factor of 25 relative to those for the pion. Finally, the short-range correlations function reduces the radial matrix elements for the heavy-mesons by an additional factor of about three.
P,T-violation in both γ-decay and neutron transmission experiments is always accompanied by P-violation alone, and the sensitivity of these searches is determined by the ratio of the P,T-violating to P-violating matrix elements. We have calculated this ratio, κ (1) , for closed-shell-plus-one configurations and find it to be approximately independent of the nucleus under study. We find the calculated values of κ (1) to lie in the range 2 to 5. This range is similar to the range 1 to 6 found by Griffiths and Vogel [5] in calculations for rare earth nuclei using the quasiparticle random phase approximation. This suggests that κ (1) is determined within quite a small range independent of detailed nuclear structure considerations.
Thus, the degree of proportionality between time-reversal-violation and parity-violation matrix elements seems to have been established. Miller-Spencer [14] short-range correlation function was used. The ratio, κ (1) , is defined in eq. (6). 
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